Long-standing aortic stenosis (AS) causes various degrees of left ventricular (LV) dysfunction, which may improve after valve replacement. The aim of this study was to assess the nature of LV subendocardial abnormalities in AS and their response to valve replacement (AVR).
Introduction
Long-standing aortic stenosis (AS) is known to impair left ventricular (LV) systolic and diastolic functions, 1 because of the combined effect of LV hypertrophy as well as increase in afterload. Let alone its well-recognized risk of sudden death and potential irreversible myocardial damage. However, strong evidence exists showing beneficial effect of aortic valve replacement (AVR), not only in improving patients' symptoms but also in recovering, even partially, overall cardiac function. 2 -4 Improvement of LV function in those patients is interpreted on the basis of regression of myocardial hypertrophy, increased myocardial perfusion, and hence overall cavity performance, at early and mid-term post-operative periods. 5 -7 Although ejection fraction (EF) is the most popular measure of pre-operative systolic function and upon which surgical risk assessment is made, it lacks representing subendocardial component of the LV function. The aim of the present study was to investigate the early effects of AVR on LV global as well as segmental subendocardial functions, using tissue-Doppler and speckle-tracking echocardiography, in a group of symptomatic patients with severe AS, normal LVEF, and no obstructive coronary artery disease (CAD).
Methods

Study population
We studied 41 consecutive patients (mean age 64, range 30 -81 years, 26 males) with severe AS based on a peak aortic pressure drop (gradient) of .70 mmHg, referred to the Heart Centres of Umea University Hospital, Sweden, and Siena University Hospital, Italy, for aortic valve replacement surgery, between 2007 and 2009. Patients were examined the day before, 1 week after, and 6 months after surgery using Doppler echocardiography including myocardial tissue imaging technique. All patients had undergone cardiac catheterization before surgery to exclude significant (.50% stenosis) CAD. Pre-operative data on New York Heart Association Class (NYHA), Euroscore, pulmonary disease, renal function (creatinine), diabetes, smoking, history of hypertension, arrhythmia, and stroke were collected in all patients. We also documented extra corporal circulation time and cross-clamping time during surgery.
Patients were excluded if pre-operatively they were not in sinus rhythm or had impaired LV systolic function (EF , 50%), signs of raised left atrial pressure (E/A . 2 and/or short isovlumic relaxation time ,60 ms) or signs of pulmonary hypertension (peak right ventricular-right atrial pressure drop .35 mmHg). Patients with more than mild additional valve disease, chronic obstructive pulmonary disease, or renal failure were excluded from the study. All patients had signed an informed consent before surgery to enter the study which was approved by the local ethics committee. Pre-operative data were compared with those from 20 normal controls (mean age 59 + 8 SD years and 10 males). No control had a cardiac condition or a history of any systemic disease, e.g. hypertension or diabetes.
Echocardiographic examination
Echocardiographic examination was performed using a Vivid 7 echocardiograph (GE Medical Systems, Horten, Norway) equipped with an adult 1.5-4.3 MHz-phased array transducer. Standard views from the parasternal long and short axis and apical four-chamber view were obtained. 8 LV filling and ejection velocities were obtained using pulsedand continuous-wave Doppler techniques, respectively. 9,10 LV subendocardial function (long axis) was studied using M-mode and tissue-Doppler techniques with the cursor placed at the lateral and septal angles of the mitral valve annulus and the sample volume (6 mm) positioned at the lateral and septal segment at the level of the mitral annulus, respectively. All M-mode and tissue-Doppler recordings were made at a fast speed of 100 mm/s with a superimposed ECG. The mean frame rate of the tissue Doppler was 114 + 16 frame/s. Off-line analysis was made using a commercially available software system (General Electric, EchoPac version 5.0.1, Waukesha, WI, USA). In addition, from the apical fourchamber view, lateral and septal segmental longitudinal wall strain was studied at the basal levels using the speckle-tracking technique with a mean frame rate of 65 on the greyscale images (in frames per second). LV cavity was traced manually from the innermost endocardial edge at end-systole, and the software automatically defined the longitudinal strain throughout the cardiac cycle. Only segments deemed appropriate for the analysis by the software were included.
Measurements
Left ventricular basal dimensions at end-systole and end-diastole were measured from the left parasternal cross-sectional recording of the minor axis with the M-mode technique. LV fractional shortening was estimated as the percentage fall of LV systolic dimension with respect to diastolic dimension. LV end-systolic and end-diastolic volumes were measured from the apical two-and four-chamber views using the modified Simpson's rule, and ejection fraction was calculated. LV mass was calculated using the Penn conversion equation.
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Subendocardial function measurements: LV long-axis amplitude of motion was measured as previously described at the lateral and septal segments. 12 Long-axis peak myocardial velocities were also measured in systole (S ′ ) and early diastole (E ′ ) from the tissue-Doppler velocity recordings, at the same two segments. Finally, basal lateral and septal segmental peak longitudinal 2D strain was measured from the speckle-tracking recordings.
Diastolic LV function was assessed from transmitral Doppler flow velocities. Peak early (E wave), and late (A wave) diastolic velocities were measured and E/A and E/E ′ ratios were calculated. Total LV filling time was measured from the onset of the transmitral E wave to the end of the A wave. Total LV ejection time was measured from the onset of the transvalvular flow velocity to its end. From the filling and ejection times, total LV isovolumic time (t-IVT) and Tei index (two measures of global ventricular synchronous function) were calculated as described previously.
13,14 LV filling pattern was considered 'restrictive' when E/A ratio was .2.0, E-wave deceleration time ,140 ms, and the left atrium dilated, .40 mm in diameter.
Statistical analysis
All statistics were performed using the standard statistical software package (SPSS 13, SPSS Inc.). Categorical variables were expressed as number (n) or percentage (%) and comparisons were made using x 2 test. Normally distributed continuous data were expressed as mean + standard deviation. Pre-and post-operative values within the patient groups were compared using analysis of variance and when significant each two events were compared using paired t-test.
Results
Patients demographic data are shown in Table 1 . The only Doppler echocardiographic difference between patients in NYHA class II and III was the pulmonary acceleration time which was significantly shorter in class III patients when compared with class II (P , 0.02). One-third of the NYHA class III had pulmonary acceleration time of ,80 ms, all smoked. Neither severity of AS nor LVEF differed between the two groups of patients. No patient was on myocardial stimulant after surgery.
Patients before aortic valve replacement vs. controls
Data on patients before AVR vs. controls are shown in Table 2 . LV was significantly hypertrophied in patients, as shown by septal and posterior wall thickness (P , 0.001 for both), but ejection fraction was not different from controls. LV early-diastolic filling velocities were normal, but late diastolic ones were raised (P , 0.001), resulting in reduced E/A ratio (P ¼ 0.002). E/E ′ was slightly raised in patients, but none of them had restrictive filling pattern. Total LV filling time was slightly shorter, but ejection time and t-IVT were not different from controls (NS), neither was Tei index (NS). LV lateral and septal long-axis function was quite disturbed with the amplitude of motion reduced (P ¼ 0.03, and P ¼ 0.05, respectively) as were the systolic velocities (P ¼ 0.03 and P , 0.001), respectively. Early-diastolic velocities were reduced only
Valve replacement for aortic stenosis at the lateral wall (P ¼ 0.02). Subendocardial longitudinal strain was reduced by approximately one-third its normal valve at the two segments, lateral and septal (P , 0.001 for both).
Patients before vs. 1 week and 6 months post aortic valve replacement Data on patients before vs. 1 week and 6 months post AVR are shown in Table 3 . LV dimensions, as well as ejection fraction did not change after surgery. Septal and posterior wall thickness progressively reduced after surgery (P , 0.01 for both), and hence LV mass significantly fell 6 months after surgery (P , 0.05). Markers of global LV synchronous function, t-IVT, and Tei index remained unchanged after surgery, but E/E ′ normalized at 6 months. LV longaxis function significantly improved after surgery, the amplitude of motion normalized at the lateral wall soon after AVR in contrast to the septal segment which remained less than normal (P , 0.05), Table 3 and Figure 1 . Lateral and septal long-axis systolic and diastolic velocities normalized 1 week after AVR and remained for 6 months afterwards as did early-diastolic velocities. While septal strain normalized very early after AVR, that of the lateral wall lagged behind but normalized at 6 months after surgery, Figure 2 .
Discussion Findings
Global LV function in these patients with AS and normal preoperative ejection fraction was satisfactory, in whom there was no evidence for obstructive CAD. Even synchronous LV function, based on global Doppler parameters (t-IVT and Tei index), seemed well maintained. However, long-axis function of the lateral and septal walls, which reflects the subendocardium, was quite abnormal, preoperatively showing reduced amplitude of motion, reduced systolic and diastolic velocities, and also reduced 2D strain. A week after surgery, LV lateral wall function showed complete normalization of long-axis amplitude of motion as well as systolic and diastolic velocities, however, its 2D strain lagged behind and normalized 6 months afterwards. Septal long-axis function behaved differently, while the amplitude of motion remained reduced, even 6 months after surgery, systolic and diastolic velocities and 2D strain normalized 1 week after AVR.
Mechanisms
These findings confirm the previous ones in showing that although overall LV systolic function as shown by ejection fraction was normal and filling pressures were not raised, as shown by Doppler LV filling indices, subendocardial function was grossly abnormal in all its parameters: amplitude of motion, velocities, and segmental strain. This confirms the sensitivity of this myocardial layer to the increase in LV afterload, a fact that is further evidenced by the normalization of long-axis measurements 1 week after removal of the afterload by AVR. This behaviour was very similar to the response of subendocardial function to changes in LV afterload before and during peripheral vascular repair surgery. 15, 16 The functional recovery that we have seen in our patients cannot be explained purely on the basis of regression of myocardial hypertrophy, since this process took 6 months to be achieved as has previously been shown. 17 Furthermore, recovery of subendocardial function was not uniform since the two studied segments, lateral and septal, behaved partially different.
The only parameters which uniformly normalized were the systolic and diastolic velocities, suggesting that their pre-operative abnormalities were directly related to the afterload as well as the Valve replacement for aortic stenosis subendocardial ischaemia associated with LV hypertrophy. The failure of the septal long-axis amplitude of motion to improve, even 6 months after AVR, in contrast to the lateral wall, suggests a potential damage of some sort, at the subendocardial level, the potential recovery of which may be questionable. In addition, the delayed normalization of the lateral wall 2D strain with respect to that of the septum may be explained on the basis of the reverse remodelling that associates the regression of LV hypertrophy after surgery. This concept needs further detailed studies. Another possible explanation is the reciprocal relationship between long-axis amplitude changes and those of segmental strain, since the two functions are systolic and in the same direction. Again this remains to be confirmed in a large cohort of patients. Finally, symmetrical concentric regression of LV hypertrophy may explain the difference in response between the lateral and septal long-axis behaviour after surgery. We intentionally excluded patients with CAD and raised LA pressure, which both are known on their own merit, to suppress long-axis function and to further compromise long-term post-operative outcome. 16,18 -20 Equally important was the absence of any overt evidence for bundle branch block or intraventricular conduction disease that might have influenced our results.
Clinical implications
The preoperative increase in E/E ′ should not be taken as a sign of raised LA pressure since the normalization of that ratio after surgery was not due to a drop of the transmitral E-wave velocity, but normalization of the myocardial equivalent velocity. In addition, although ejection fraction is commonly used as a simplified marker of global LV systolic function, and is favoured by cardiologists and surgeons to estimate the surgical risk of such procedures, it does not reflect cavity disturbances at the subendocardial level which is known for its pivotal role in maintaining synchronous LV function.
Limitations
Although a number of events changed significantly 6 months after surgery, we are unable to confirm that 6 months was the accurate time taken by long-axis disturbances to recover. We did not acquire studies between 1 week and 6 months as is the conventional clinical practice worldwide. Patients received different valve substitutes; it is, however, unlikely that this could have resulted in any remote effect on our findings and the consistent change we have noticed after surgery, since patients functioned as their own controls.
Conclusions
Severe AS causes significant subendocardial dysfunction despite preserved ejection fraction. Aortic valve replacement surgery and removal of LV afterload results in recovery of intrinsic subendocardial dysfunction within a week of surgery, well before myocardial mass regression and reverse remodelling. Such degree of pre-operative subendocardial disturbances may represent early Figure 2 Example of septal and lateral wall long-axis strain from speckle tracking echocardiography (STE) in patient before, 1 week, and changes that if ignored are likely to substantiate and become irreversible. Thus, the presence of such abnormalities in symptomatic patients, even with normal ejection fraction, may suggest further evidence for a need for valve replacement to maintain overall integral ventricular function and to avoid potential clinical complications.
